Expansion of autologous chondrocytes in vitro is used to generate adequate populations for cell-based therapies. However, standard (SD) culture methods cause loss of chondrocyte phenotype and dedifferentiation to fibroblast-like cells. Here, we use a novel surface expansion culture system in an effort to inhibit chondrocyte dedifferentiation. A highly elastic silicone rubber culture surface was continuously stretched over a 13-day period to 600% of its initial surface area. This maintained cells at a high density while limiting contact inhibition and reducing the need for passaging. Gene expression analysis, biochemical assays, and immunofluorescence microscopy of follow-on pellet cultures were used to characterize the results of continuous expansion (CE) culture versus SD cultures on rigid polystyrene. CE culture yielded cells with a more chondrocyte-like morphology and higher RNA-level expression of the chondrogenic markers collagen type II, aggrecan, and cartilage oligomeric matrix protein. Furthermore, the expression of collagen type I RNA and a-smooth muscle actin protein were significantly reduced, indicating suppression of fibroblastic features. Pellet cultures from CE chondrocytes contained more sulphated glycosaminoglycan and collagen type II than pellets from SD culture. Additional control cultures on static (unexpanded) silicone (SS culture) indicated that benefits of CE culture were partially due to features of the culture surface itself and partially due to the reduced passaging which that surface enabled through CE. Chondrocytes grown in CE culture may, therefore, be a superior source for cellbased therapies.
Introduction
A dult articular cartilage exhibits a poor regenerative capacity after injury, and this inability to regenerate is a major factor contributing to the development of joint degenerative disease after cartilage injuries. [1] [2] [3] [4] Cell-based therapies such as autologous chondrocyte implantation (ACI) are of interest to enhance the natural regenerative capacity, replace damaged cartilage, and inhibit progression of disease. ACI is a stepwise procedure that requires isolation of chondrocytes from a healthy tissue biopsy, population expansion in vitro, and implantation in a defect. 5, 6 Chondrocytes should be multiplied in culture to produce cell numbers that are sufficient for clinical application. For example, assuming roughly constant cell density and tissue thickness, if cells obtained from a cartilage biopsy of surface area 25 mm 2 are used to repair a defect of surface area 10 cm 2 , an expansion factor of at least 40 is required. This estimate is roughly consistent with the suggestions of investigators involved in the development of ACI. [6] [7] [8] Therefore, in vitro expansion of chondrocyte populations is a central feature of leading cell-based strategies for cartilage repair.
During population expansion, moderate chondrocyte densities should be maintained for efficient cell growth. 9 Once chondrocytes become confluent, contact inhibition can lead to a loss of phenotype and reduced proliferation. 9, 10 This limited desirable range of cell densities means that in a standard (SD) culture, repeated passaging and reseeding of chondrocytes is required. Passaging of chondrocytes is associated with changes in the chondrocyte phenotype in as few as two passages, 11, 12 or ''dedifferentiation'' that is characterized by a loss of rounded morphology, decreased cartilage-specific gene expression, rapid proliferation, and increased fibrotic gene expression, that is, a-smooth muscle actin (a-SMA) and collagen 1. Ultimately, dedifferentiation reduces the efficiency of cell-based repair methods, because it decreases the capacity for implanted chondrocytes to regenerate functional cartilage tissue and necessitates additional protocols for redifferentiation toward the desired phenotype. Many factors promote chondrocyte dedifferentiation, including contact with a flat, rigid, two-dimensional culture surface, 12, 13 exposure to degradative enzymes during passaging, 14, 15 and abnormally rapid (for chondrocytes) proliferation. 12, 16 Improved understanding and control of these factors may, therefore, lead to significant simplifications and improvements in procedures required for cellbased cartilage repair. To minimize and circumvent conditions promoting chondrocyte dedifferentiation during population expansion, we have developed a novel culture technique that facilitates more continuous growth of cells while limiting the effects of contact inhibition and reducing the necessity for passaging. 17, 18 In this new method, cells are grown on a continuously expanding, elastic dish that allows for an increase in the culture surface area as the cell population grows. Relatively high cell densities are maintained that promote efficient proliferation while confluence (and the need for passaging) is delayed until relatively high cell numbers are attained. This ''continuous expansion'' (CE) culture technique has been previously used to expand human mesenchymal stem cell (hMSC) populations more efficiently than by standard methods while maintaining a pluripotent stem cell phenotype and inhibiting an undesired fibrotic phenotype. 17, 18 We hypothesized that CE culture could also be beneficial for population expansion of primary chondrocytes, where maintenance of a chondrogenic phenotype and inhibition of dedifferentiation are desired.
Materials and Methods

Chondrocyte isolation
Knee joints from freshly slaughtered skeletally mature cows were obtained from a local slaughterhouse. Articular cartilage was cut from the femoropatellar groove with a scalpel, and chondrocytes were isolated according to established methods. 19 Approximately 5 g of tissue was washed in sterile phosphate buffered saline (PBS) supplemented with antibiotics and cut into 2 mm pieces using a sterile scalpel. The tissue was transferred to a 50 mL conical tube containing 30 mL of chondrocyte growth medium (high-glucose Dulbecco's modified Eagle's medium (DMEM); 0.1 mM nonessential amino acids; 10 mM HEPES; 1 mM sodium pyruvate; 10% fetal bovine serum; and 1% penicillin-streptomycin-glycine solution) supplemented with 1.5 mg/mL collagenase type II (Invitrogen/Gibco) (sterile filtered). Samples were incubated overnight to allow complete digestion of extracellular matrix. The digested mixture was passed through a 100 mm filter (BD Biosciences) and centrifuged at 200 g for 5 min. The supernatant was removed, and pelleted chondrocytes were washed with sterile PBS and centrifuged again at 200 g for 5 min. The supernatant was removed, and cells were resuspended in 10 mL of chondrocyte growth medium. The cells were counted using a hemocytometer.
Culture surface materials and modifications
Chondrocytes were cultured on several different surfaces. These included (1) high-extension silicone rubber (HESR) dishes (Cytomec GmbH), which were continuously expanded (CE culture), (2) standard polystyrene culture dishes (SD culture), and (3) polystyrene culture dishes coated with approximately 1 mm of silicone rubber (SS culture-static silicone culture) (A-221-05 LSR, Factor II). All silicone rubber culture surfaces were chemically modified to promote cell adhesion as previously described. 17, [20] [21] [22] Briefly, the surface was rinsed with 30% sulphuric acid for 15 min and copiously washed with deionized water followed by silanization with 1% (3-aminopropyl) triethoxysilane (Sigma-Aldrich) for 2 h at 70°C. After another wash with water, the surface was functionalized with 6% (wt/wt) glutaraldehyde and then coated with 2 mL of monomeric rat tail collagen type I (50 mg/mL; Sigma-Aldrich). A partial characterization of modified silicone surfaces has been previously established. 22 Standard polystyrene culture surfaces were left unmodified.
CE, SD and SS cultures
To initiate cultures, 10,000 chondrocytes per cm 2 were seeded and subcultured in chondrocyte growth medium. CE cultures were performed on HESR dishes that were expanded from 12 to 76.8 cm 2 over 10 days after a 3-day initial attachment period. Highly uniform surface expansion was performed using a motorized iris-like device (Cytomec GmbH). This 13-day period was defined as one generation, which corresponded to three conventional 1:2 passages in an SD culture on polystyrene (Fig. 1) . The final surface area in CE culture equaled the total surface area of the third passage in SD culture (eight wells at 9.6 cm 2 each). The difference in initial surface area (12 cm 2 in CE culture vs. 9 cm 2 in SD culture) was due to limitations of the HESR dishes; the final surface areas were kept equal in order to provide a comparison that could be more easily interpreted in the context of population expansions for cell-based therapies. Confluence at each passage in SD culture was *80%, and 0.25% Trypsinethylenediaminetetraacetic acid (EDTA) solution (Invitrogen/ Gibco) was used. Unless otherwise noted, all tissue culture reagents were obtained from Invitrogen/Gibco.
To control for silicone surface chemistry in experiments, to reduce unnecessary passaging, and to reduce gross density differences (Fig. 2) , polystyrene culture dishes (35, 55 , and 100 mm) were coated with a silicone elastomer and functionalized with rat tail collagen type I (as above). These ''static silicone'' (SS) cultures were, therefore, performed on silicone rubber, but without any mechanical expansion. Overall, 10,000 cells per cm 2 were seeded on a 35 mm dish (96,200 cells total). Initial control experiments (Fig. 2) were always passaged onto 35 mm throughout P5. In later studies, after 3 days of initial attachment and growth, the 35 mm dish was trypsinized and passaged (P1) to the 55 mm dish (coated and functionalized in the same way). After 5 days, chondrocytes were trypsinized again, passaged (P2) to the 100 mm dish, and cultured for another 5 days. This 13-day expansion protocol was considered one generation in SS culture.
At the end of each generation in CE, SD, or SS culture, cells were trypsinized (0.25% Trypsin-EDTA solution; Invitrogen), and counted. For a subsequent generation, 10 5 cells were then reseeded within each culture condition. 10 6 cells resulting from each generation were used for redifferentiation experiments, the remaining cells (1-2 · 10 6 ) were lysed in 1 mL of TRIzol reagent (Invitrogen), and RNA was isolated as described next.
Chondrocyte redifferentiation
At the end of each generation, *2 · 10 6 cells were centrifuged at 500 g for 10 min in 1.5 mL microfuge tubes to generate a pellet as previously described. 22 Chondrocyte growth media were removed and replaced with 500 mL of osteo/ chondrogenic differentiation medium (DMEM, 10% fetal bovine serum, 1.25 mM glutamine, 10 nM dexamethasone, 50 mM/mL ascorbic acid, 1 mM b-glycerophosphate, 5 mg/mL insulin, 0.5 mM 3-isobutyl-1-methylxanthine, and 1% penicillin/ streptomycin solution). This culture procedure and medium was modified from previous studies to avoid rapid cell death. 17, 23, 24 Transforming growth factor beta (TGF-b) was intentionally excluded from this differentiation medium in order to emphasize the effects of CE versus SD culture without the concern of overwhelming growth factor stimulation. Pellets were incubated in centrifuge tubes for 6 days until they became firm, were then transferred to a six-well plate (which helped maintain viability), and incubated for an additional 6 days to observe chondrocyte outgrowth. The medium was changed every 2 days. Pellets were then fixed with 4% paraformaldehyde and prepared for cryosectioning.
Reverse transcription and quantitative real-time polymerase chain reaction RNA was extracted from chondrocytes using TRIzol Reagent (Invitrogen). After RNA extraction, 500 ng of total 
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RNA was subject to cDNA synthesis using the qScript cDNA synthesis kit (Quanta Biosciences). Consequently, 1 mL of each cDNA sample was loaded per reaction (in duplicate) using PerfeCTa SYBR Green FastMix (Quanta Biosciences). Standard recommended polymerase chain reaction (PCR) protocols were performed (50°C for 2 min, 94°C for 10 min, 95°C for 30 s, and 60°C for 1 min, with steps 3 and 4 repeated for 40 cycles) using the ABI 7900 HT Fast Real-Time PCR System (Applied Biosystems). The average cycle count for each target gene was normalized to GAPDH to give the average delta count (DCt) using RQ SDS manager software (Applied Biosystems). Then, for each target gene, the average DCt reading from each experimental cDNA was subtracted from the average DCt from the comparative GAPDH endogenous control (DDCt). The average fold change in the gene expression of experimental samples compared with controls was calculated by the 2 -DDCt method. 25 Statistical significance in the fold changes in gene expression was determined using the Student's t-test ( p < 0.05). PCR primers for collagen type II, aggrecan, cartilage oligomeric matrix protein (COMP), Sox9, collagen type I, and GAPDH were generated exactly as described elsewhere. 26 
Western blotting
Chondrocytes were lysed in lysis buffer (20 mM Tris [pH 7.4], 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 1 mM b-glycerophosphate, supplemented with complete EDTAfree protease inhibitor cocktail). Twenty micrograms of total protein were run on a 10% sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred to nitrocellulose membranes. Membranes were blocked in 5% bovine serum albumin (BSA) for 30 min and probed with antibodies against a-SMA (1:500; Abcam), and a-tubulin (Abcam; 1:2000), followed by incubation with anti-rabbit or anti-mouse horseradish peroxidase-conjugated secondary antibody (1:5000; Cell Signalling). Membranes were then washed thrice in tris buffered saline-tween for 10 min. Western blots were developed using Super Signal West Pico Substrate (Thermo-Fisher) and Kodak BioMax MR film (Perkin Elmer).
Immunofluorescence and histological analysis
For histological analysis, pellet cultures were fixed in 4% paraformaldehyde and embedded in a tissue freezing medium (Triangle Biomedical Sciences). Frozen sections of 10 mm thickness were cut using a Leica CM3050 S cryomicrotome. Sectioned samples were stained with Alcian Blue for proteoglycan and counterstained with Nuclear Fast Red (Sigma). For immunofluorescence, samples were blocked in permeabilization buffer for 30 min (PBS, 0.1% Triton X-100 and 1% BSA). The permeabilized samples were then incubated with antibodies against phospho-histone H3 (1:250; Sigma), cleaved caspase 3 (1:250; Sigma), and collagen type II (1:100; Abcam) overnight at 4°C. The samples were washed thrice in PBS and then incubated with either Alexa Fluor 488 Goat antiMouse IgG (1:250; Invitrogen) or rhodamine-conjugated Goat anti-Rabbit IgG (1:250; Sigma) for 1 h at room temperature. The samples were washed and mounted with Fluoroshield with 4¢,6-diamidino-2-phenylindole (DAPI; Sigma) and visualized on an Olympus IX81 inverted fluorescence microscope. Morphological images were captured using a Zeiss Axiovert 40C microscope equipped with a Canon Powershot A640 digital camera attached to a Zeiss MC80DX 1.0· tube adapter.
Quantitation of cell proliferation and apoptosis
Isolated chondrocytes were seeded (10,000 cells/cm 2 ) on sterilized 22 mm square uncoated coverslips (glass) or coverslips coated with 200 mL of silicone rubber functionalized with collagen I as just described (SS culture). Cells were fixed with 4% paraformaldehyde solution, blocked for 30 min in permeabilization buffer, and probed with antibodies against phospho-histone H3, and cleaved caspase 3 and immunofluorescence was performed as just described. All images were captured using a 10· objective with MAG Biosystems Software 7.5 (Photometrics). Three random positions per slide were captured from three independent experiments. Positively stained nuclei were counted and plotted as a percent of total nuclei. 
Results
Chondrocyte growth on SS surfaces
To test for effects of modified silicone culture surfaces on cell phenotype in the absence of expansion, chondrocytes were cultured over five passages on modified silicone rubber in SS culture and compared with SD culture on polystyrene. Chondrocyte attachment in both SS and SD cultures typically occurred by 3 days after seeding, at which point experiments began (day 0). Cell morphology appeared similar for the two culture conditions during passaging (Fig. 2A) . RNA-level expression of the cartilage-specific genes collagen type II, aggrecan, and COMP declined with each passage number for both culture conditions, while collagen type I expression increased (Fig. 2B) . Expression of the master regulator of chondrogenesis Sox9 showed no consistent changes during passaging for either culture condition.
To examine the influences on proliferation and apoptosis, chondrocytes cultured on SS-coated coverslips or uncoated glass coverslips were subjected to immunohistochemistry for phospho-histone H3 and cleaved caspase-3 (Fig. 3) . A significant reduction in phospho-histone H3 (proliferating cells) was observed in SS compared with the control (Fig. 3A) . However, there was no apparent difference in caspase-3 (actively apoptotic cells) between the two culture conditions (Fig. 3B) . When cultured on SS, chondrocyte phenotype and dedifferentiation patterns were, therefore, similar to SD culture.
Phenotypic analysis of CE culture
Chondrocytes in CE culture had a more rounded and a less spindle-like morphology than in SD culture, indicating a reduction in the dedifferentiation into fibroblast-like cells (Fig. 4A) . At the end of generation G1, that is, completion of the first 13 day expansion protocol, real-time quantitative PCR revealed a significantly higher expression of the cartilage-specific genes collagen type II, aggrecan, and COMP in CE versus SD culture (Fig. 4C) . These trends remained consistent through generations G2 and G3 (Fig. 4C) , and were statistically significant for aggrecan at the end of generation G2 and for collagen type II and COMP at the end of generation G3. In contrast, the fibrotic marker collagen type I was significantly down-regulated in CE versus SD culture at the end of all three generations (Fig. 4C) . Cell lysates from CE and SD cultures were subjected to SDS-PAGE and Western blot probing for the fibrotic marker a-SMA. SD culture lysates revealed a steady induction of a-SMA through the three generations, which was inhibited in the CE culture lysates for generations G1 and G2 (Fig. 5) . At the end of each generation, cell counting revealed fewer total chondrocytes in CE culture compared with SD culture (Fig. 4B ).
Chondrocyte redifferentiation after CE culture
To assess the potential of cultured chondrocytes to redifferentiate into cartilage-like tissue, we subjected cells from all three generations of CE and SD cultures to three-
FIG. 4. Primary articular chondrocytes were grown for 39 days in SD or CE culture. (A)
At the end of each generation, chondrocyte morphology was compared in SD and CE cultures. Scale bar: 500 mm. (B) Cells were counted at the end of each generation, and doublings were calculated. (C) qPCR was performed by comparing gene expression in CE culture with SD culture. Error bars represent SEM. Statistical significance was determined by the Student's t-test within each generation, where (*) indicates p < 0.05, and (#) indicates p < 0.06. Twelve, six, and five independent experiments were performed for generations G1, G2, and G3, respectively.
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dimension (3D) pellet cultures in an osteo-chondrogenic medium. After an initial 6 days, the pellets were moved to a six-well dish in order to assess chondrocyte outgrowth before histological analysis. The pellets derived from SD cultures strongly adhered to the culture dish during the final 6 days of the 12-day pellet culture. In contrast, the pellets derived from CE cultures only weakly adhered. Moreover, chondrocyte migration from adhered pellets was clearly evident for all three generations of SD culture but only for generation G3 of CE culture (Fig. 6 ). The CE pellets contained dramatically more sulphated glycosaminoglycans for all three generations compared with the SD pellets, as evident by Alcian blue staining. After generation of G1, both CE and SD pellets stained strongly for collagen type II immunofluorescence. However, after generations G2 and G3, collagen type II immunofluorescence was only detectable in CE pellet cultures. CE culture chondrocytes, therefore, exhibited greater potential for redifferentiation into cartilagelike tissue.
Reduced passaging enhances chondrocyte phenotype in CE cultures
To isolate experimental variables that could influence differences between SD and CE culture, such as unnecessary passaging, cell densities, and culture surface stiffnesses, we designed an intermediate control (Fig. 7A) . In this experiment, culture surfaces consisted of silicone-coated polystyrene functionalized with collagen type I on which chondrocytes were passaged to consecutively larger dishes. This SS condition allowed for a growth environment which was similar to that of CE cultured chondrocytes with regard to surface chemistry and mechanical stiffness, but was not mechanically extended. After two generations of growth, no differences in chondrocyte morphology or population doublings were observed (Fig. 7B, C) . Real-time quantitative PCR revealed a significantly higher expression of collagen type II and aggrecan mRNA in CE versus SS cultures,
FIG. 5.
Chondrocytes were collected and lysed at the end of each generation of SD and CE culture, and 20 mg total protein from each sample was subjected to sodium dodecyl sulphate-polyacrylamide gel electrophoresis and Western blot analysis. Samples were probed for the fibrotic maker alpha smooth muscle actin (a-SMA). a-tubulin was used a loading control.
FIG. 6.
Chondrocytes collected at the end of each generation were subjected to redifferentiation in pellet cultures containing an osteo/chondrogenic differentiation medium. Firm pellets were transferred to six-well plates for an outgrowth assay. Upper row: Chondrocyte outgrowth from pellets. Middle row: Alcian blue histological staining on frozen sections from CE pellet cultures compared with SD pellets. Lower row: Immunofluorescence microscopy was performed on SD and CE pellet cultures while probing for collagen type II content. Scale bar: 250 mm. Color images available online at www.liebertpub.com/tea and there was a trend for reduced collagen type I expression (Fig. 7D) . It is noteworthy that in one experiment, collagen type I was below detection limits for the SS culture. There were no differences observed for COMP or Sox9 expression. CE and SS culture chondrocytes from G2 were redifferentiated in pellet cultures as just described. CE pellets appeared to contain slightly more sulphated glycosaminoglycan (GAG) than SS pellets, as evidenced by Alcian stain (Fig. 8 , left panels). Collagen type II protein content was greatly enhanced in CE pellets versus SS pellets (Fig. 8, right panels) .
Discussion
CE culture of primary bovine chondrocytes inhibited the dedifferentiation typically observed with SD culture techniques. 11, 12 Analyses of cell morphology, cartilagespecific gene expression, fibrotic gene expression, and cell numbers strongly indicated that CE culture preserves the chondrocyte phenotype during population expansion. SD culture chondrocytes exhibited a spindle-like morphology that was characteristic of a more fibroblast-like phenotype [27] [28] [29] Color images available online at www.liebertpub.com/tea compared with the more rounded chondrocyte-like appearance evident in CE culture. Consistent with these observations, RNA-level expression of collagen type II, aggrecan, and COMP were consistently up-regulated in CE versus SD culture, while RNA-level expression of collagen type I and protein-level expression of a-SMA were down-regulated, indicative of less dedifferentiation to a fibroblast-like phenotype in CE culture. Consistent with improved preservation of the chondrocyte phenotype in CE versus SD culture, significantly fewer chondrocytes were obtained from CE culture at the end of each generation. Considering that chondrocytes do not readily proliferate within adult cartilage under normal physiological conditions while dedifferentiated chondrocytes are fibroblast-like and can rapidly proliferate, 12, 16 this result further supports the conclusion that CE culture helps maintain the chondrocyte phenotype. Furthermore, since three generations of CE culture achieved an overall expansion of the cell population by approximately 26,250-fold (25-fold, 35-fold, and 30-fold in generations G1, G2, and G3, respectively), it is clear that ample numbers of chondrocytes can, nevertheless, be generated in CE culture for clinical application in cell-based therapies.
As evidenced by reduced pellet adhesion to culture dishes, cell outgrowth from pellets, and expression of cartilage extracellular matrix proteins, chondrocytes from CE culture were superior to those from SD culture with regard to their ability to redifferentiate toward a mature chondrocyte phenotype. Pellets from SD culture readily attached to culture surfaces and exhibited dramatic outgrowth of chondrocytes, indicating they had transitioned to a more fibroblastic cell type. [30] [31] [32] In contrast, pellets from CE culture were better able to generate neotissue with more nonadhesive, cartilage-like characteristics. Both SD and CE pellets were initially able to produce GAG and collagen type II; however, only CE pellets maintained this production throughout three generations. Taken together, these results indicate that CE culture produces cells that are markedly superior to those obtained from SD culture, with regard to their efficiency at redifferentiating into functional chondrocytes and generating de novo cartilage-like tissue.
The aim of the comparison between CE and SD culture was to contrast the CE culture technique against the current ''gold standard'' for cell culture: polystyrene dishes. However, the substantial technical differences between these two methods introduced several variables that could have influenced the resulting differences in the quality of expanded chondrocyte populations. Therefore, SS cultures passaged on consecutively larger dishes were employed as an intermediate control. This limited unnecessary passaging also provided a similar culture surface in terms of chemistry and mechanical stiffness. The only differences between CE and SS cultures were, therefore, the application of mechanical surface expansion in CE culture, compensated by more frequent enzymatic passaging in SS culture. In two generations, SS cultures were passaged five times compared with once in CE cultures, and CE cultures exhibited a significantly superior retention of chondrogenic phenotype versus SS cultures, and also a superior redifferentiation capacity for the production of cartilage-like neotissue. In light of data showing that passaging of chondrocytes plays a significant role in dedifferentiation, 11, 12, 15, 33 the present results indicate that the mechanical expansion aspect of CE culture and its reduction of the need for passaging specifically contribute to enhancement of the phenotype of chondrocytes cultured for cell-based therapies.
A factor by which CE culture inhibits dedifferentiation, therefore, appears to be associated with reduced passaging and limited exposure to degradative enzymes. Considering that passaging involves repeated nonspecific degradation of cell-surface proteins and receptors and the frequent need for wholesale re-establishment of cell-surface attachments, this is perhaps not surprising. The present findings, therefore, suggest that less disruptive methods for the detachment of chondrocytes from a culture surface and from each other may contribute to enhanced phenotype retention during growth, such as the case for endothelial cells for cornea tissue engineering. 34 Minimization of the need for passaging also has important practical advantages for cell-based therapies. In addition to inhibition of dedifferentiation, CE methods are more automatized, thereby reducing the need for human intervention and handling of cells. These features likely decrease the risk of error and bacterial contamination over long-term cultures.
Mechanical factors contributing to chondrocyte phenotype preservation in CE culture may also include mechanical signaling. Mechanotransduction through integrin receptors and stretch-activated ion channels is involved in the maintenance of chondrogenic phenotypes, [35] [36] [37] and this signaling may play a role in the pro-chondrogenic effects of CE culture. Many reports suggest that dynamic strain or compression can have positive effects on the phenotype of cultured chondrocytes, 38, 39 particularly regarding proteoglycan synthesis. 40, 41 It is important to note that these previous studies typically apply dynamic mechanical stimuli at amplitudes and frequencies which are quite different from those involved in CE culture. In contrast to situations involving oscillatory dynamic strain, [38] [39] [40] [41] CE culture chondrocytes experience very slow but very high amplitude (over 600%) stretch applied steadily and monotonically over the course of several days. Therefore, mechanotransduction stimuli in CE culture are characterized by a longer time scale than those of cell proliferation and remodeling of cell-substrate attachments. Therefore, it is possible that the nature and relative importance of mechanotransduction are different in CE culture as compared with typical applications of the oscillatory dynamic strain. Further studies conducted on the mechanotransduction pathways active during the slow, continuous strain may, therefore, yield important mechanistic insights into how CE culture preserves the chondrogenic phenotype compared with conventional passaging. In addition, opportunities remain for the optimization of CE culture by the superimposed dynamic stimulation of cells during growth.
Due to the ease with which its biochemical surface properties and geometry can be manipulated, silicone rubber is a widely used biomaterial in tissue engineering applications, including soft tissue-like compliant surfaces, expansion of stem cells, nanofilms for scaffolds, and growth of chondrocytes. 17, [42] [43] [44] [45] [46] [47] It has been shown that the elastic properties of silicone elastomers can have important influences on cell differentiation. 48, 49 However, in the absence of CE, chondrocytes grown on silicone rubber dedifferentiated similarly to SD culture; the only differential effect of silicone rubber was an initial reduction in proliferation, which is consistent with previous studies. [50] [51] [52] Previous studies have also indicated an initial reduction in MSC proliferation on HESR, 17 which was subsequently overcome in prolonged CE culture. These findings, therefore, indicate that culture on a silicone surface does not by itself significantly alter a chondrocyte phenotype compared with the effects of SD culture. Future work may explore alternate coatings of the silicone rubber surface that may further support the preservation of a chondrocyte phenotype and the suppression of fibrotic gene expression in CE culture.
The cell signaling mechanisms involved in more advanced chondrocyte dedifferentiation downstream of increased enzyme-mediated passaging (in SD and SS cultures vs. CE cultures) remain unclear, but several candidate mechanisms have been identified. Interleukin-1 (IL-1) production increases with chondrocyte passaging, 11 and IL-1 signaling is directly involved in chondrocyte dedifferentiation. 53 Other studies have indicated that passaged and dedifferentiated chondrocytes display degradation of the receptor of hyaluronic acid, CD44. 54 Disruption of CD44 signaling in chondrocytes results in receptor cleavage, decreased expression of chondrogenic genes, and decreased production of sulphated-GAG, 55 all phenomena that are associated with dedifferentiation. IL-1 activity and CD44 expression may, therefore, be of interest for future investigations, to characterize the mechanisms by which CE culture improves the maintenance of cartilage phenotype over SD culture methods.
To enhance the redifferentiation of chondrocytes in 3D pellet cultures, the growth factor TGF-b is typically added to the chondrogenic medium. 17, 23, 24 To gain a clear indication of the redifferentiation potential of CE culture chondrocytes, we purposely avoided the addition of TGF-b so as not to overwhelm the cells with cytokine stimulation. Without TGF-b, CE chondrocytes clearly displayed an advantage over SD chondrocytes during pellet culture, indicating a potentially cost-effective means of chondrogenic maintenance. In addition, the elimination of the need for TGF-b may also have important clinical implications that are associated with reducing the possibility of undesired growth factor delivery to patients.
The proposed culture methods (CE culture) represent a significant departure from the SD methods used for chondrocyte expansion. The implementation of these methods, therefore, requires the introduction of new techniques and technologies at the heart of a laboratory that is dedicated to chondrocyte expansion. Given the economic and therapeutic importance of the final product, these fundamental changes to decades-old methods of cell culture may be, nevertheless, warranted. The beneficial effects in terms of significant improvement of the chondrocyte phenotype indicate that disruptive technologies of this nature may provide the improvements that are necessary for routine clinical implementation of cell-based therapies for cartilage repair.
